The occurrence of spontaneous seizures in mesial temporal lobe epilepsy (MTLE) is preceded by a latent phase that provides a time window for identifying and treating patients at risk. However, a reliable biomarker of epileptogenesis has not been established and the underlying processes remain unclear. Growing evidence suggests that astrocytes contribute to an imbalance between excitation and inhibition in epilepsy. Here, astrocytic and neuronal neurotransmitter metabolism was analyzed in the latent phase of the kainate model of MTLE in an attempt to identify epileptogenic processes and potential biomarkers. Fourteen days after status epilepticus, [1-13 C]glucose and [1,2-13 C]acetate were injected and the hippocampal formation, entorhinal/piriform cortex, and neocortex were analyzed by 1 H and 13 C magnetic resonance spectroscopy. The 13 C enrichment in glutamate, glutamine, and c-aminobutyric acid (GABA) from [1-13 C]glucose was decreased in all areas. Decreased GABA content was specific for the hippocampal formation, together with a pronounced decrease in astrocyte-derived [1,2-13 C]GABA and a decreased transfer of glutamine for the synthesis of GABA. Accumulation of branched-chain amino acids combined with decreased [4,5-13 C]glutamate in hippocampal formation could signify decreased transamination via branchedchain aminotransferase in astrocytes. The results point to astrocytes as major players in the epileptogenic process, and 13 C enrichment of glutamate and GABA as potential biomarkers.
Introduction
Mesial temporal lobe epilepsy (MTLE) is the most common cause of pharmacoresistant seizures in adults, because 60% to 80% of patients experience seizures despite antiepileptic drug therapy (Semah et al, 1998; Stephen et al, 2001) . The patient history often involves an initial precipitating injury early in life, followed by a latent phase of several years before spontaneous seizures occur (Mathern et al, 1995) . The latent phase could hold a potential for identifying and treating patients at risk, but a reliable biomarker of epileptogenesis, that is, the development of MTLE, has yet to be established and the underlying pathophysiological processes are still unclear. However, perturbed energy and neurotransmitter metabolism seem to be involved, and a growing amount of data suggest that astrocytes are of special importance. In humans, it has been shown that the concentration of the excitatory neurotransmitter glutamate increases extracellularly in epileptic foci before and during seizures (During and Spencer, 1993) . Furthermore, the astrocytic enzyme glutamine synthetase (GS), responsible for converting glutamate to glutamine, is downregulated in sclerotic hippocampi (Eid et al, 2004) and the cycling of glutamate to glutamine, and back, is impaired (Petroff et al, 2002) . These changes in glutamate handling are considered to lead to hyperexcitability in epileptogenic areas. However, the underlying mechanisms of altered neurotransmitter metabolism in MTLE are unclear, and its significance in epileptogenesis is difficult to assess in humans. A study investigating the chronic phase of the kainate (KA) model of MTLE in rats has shown decreased turnover of glutamate and perturbed mitochondrial metabolism in both neurons and astrocytes in epileptogenic hippocampal formations ). An earlier study using animals in the latent phase of the same model demonstrated increased glutamate turnover, but here whole-brain samples were analyzed, making it impossible to discern metabolic changes in epileptogenic hippocampus from nonepileptogenic regions (Muller et al, 2000) . Detailed analysis of astrocytic and neuronal metabolism of energy substrates and neurotransmitters in different brain regions of experimental animals during the latent phase may yield a better understanding of the epileptogenic process and thus point to potential biomarkers and targets for antiepileptogenic treatment.
In the present study, the glutamate agonist KA was used to model MTLE in rats. Injection of KA induces status epilepticus (SE), followed by a latent phase with no behavioral seizures. After a few weeks, spontaneous recurrent seizures occur, thus modeling the clinical course of epileptogenesis and also many pathological features of human MTLE (Ben-Ari, 1985) . Brain metabolism during the latent phase was studied using 1 H and 13 C magnetic resonance spectroscopy (MRS) and high-performance liquid chromatography. Combined with injection of 13 C-labeled energy substrates, 13 C MRS allows tracking of multiple metabolic pathways in and between neurons and astrocytes, because of differentiated distribution of transporters, enzymes, and metabolites into different compartments (Sonnewald and Kondziella, 2003) . Subsequent to injections with [1-13 C]glucose and [1,2-13 C]acetate, samples were obtained from rats 14 days after KA-induced SE, and from control rats. The brain regions that were sampled were the hippocampal formation (the typical epileptogenic region), entorhinal and piriform cortices (areas of propagation), and neocortex (non-epileptogenic region). We also compared our findings with published results from the chronic phase to address their role in epileptogenesis.
Materials and methods

Animal Experiments
All animals were treated in agreement with the European Convention (ETS 123 of 1986) and all experimental procedures were approved by the Norwegian Animal Welfare Committee. Animals were maintained under standard laboratory conditions with food and water ad libitum, at a room temperature of 221C, air humidity of 66%, and 12/12 hourlight/dark cycle. The animals were given 1 week to acclimatize to the above conditions before the experiment started.
Kainate (KA; Sigma-Aldrich, St Louis, MO, USA) was dissolved in saline and pH was adjusted to 7.0 before use. Male Sprague-Dawley rats (Taconic M&B, Copenhagen, Denmark) weighing 250±10 g received intraperitoneal injections with 10-mg/kg KA (26 rats) or 9% saline (11 rats). All solutions were administered in a concentration of 1 mL/kg.
The rats were placed in separate cages immediately after KA or saline administration and were monitored with regard to seizures for at least 4 hours. Seizures were scored according to the Racine score (Racine, 1972) : stage 1, facial clonus; stage 2, nodding; stage 3, forelimb clonus; stage 4, forelimb clonus with rearing; and stage 5, rearing and falling. Status epilepticus was defined as continuous seizures scored as class 4 or 5 seizures and lasting for more than 90 minutes. Only animals that developed SE, comprising 11 of the 26 rats injected with KA, were included in the study. Thirteen rats did not develop SE, whereas two died. The rats were not monitored by EEG, and therefore we cannot rule out the possibility that some of the rats had electrographic epileptiform discharges, or even seizures, during the 2 weeks following SE. Spontaneous seizures were not observed by the animal caretakers or by the researchers at any point.
Fourteen days after saline or KA injection, 11 control animals and 11 KA-treated animals were injected intraperitoneally with a saline solution containing [1-13 C]glucose (543 mg/kg, 0.3 mol/L) and sodium [1,2-13 C]acetate (504 mg/kg, 0.6 mol/L; both 99% 13 C enriched, Cambridge Isotopes Laboratories, Woburn, MA, USA). Fifteen minutes after injection of the 13 C-labeled compounds, the animals were decapitated. The heads were snap frozen in liquid nitrogen and further stored at À801C until dissection. During the period from decapitation to freezing, anaerobic glucose metabolism will produce lactate, causing a 'false' glucose reduction and lactate increase. The two groups were treated identically, thus there is no reason to believe that the metabolites have been affected differently by postmortem effects. Three brain regions were removed as complete as possible while kept cold on dry ice: (1) the hippocampal formation (subiculum, CA1-CA3, and dentate gyrus), (2) the entorhinal cortex (including a small part of the piriform cortex), and (3) the neocortex. Brain samples were extracted with 7% perchloric acid, as previously described . A volume of 200 mL was used for high-performance liquid chromatography analysis, whereas the remaining samples were lyophilized and stored at À201C until MRS analysis.
High-Performance Liquid Chromatography
Branched-chain amino acids (BCAAs) in brain extracts were quantified by high-performance liquid chromatography after derivatization with o-phthaldialdehyde, using a Hewlett Packard 1100 apparatus (Agilent, Palo Alto, CA, USA) with fluorescence detection.
C and 1 H Magnetic Resonance Spectroscopy
Lyophilized samples were dissolved in a 200-mL solution containing 99.9% D 2 O (Cambridge Isotopes Laboratories, Woburn, MA, USA) and 0.1% ethylene glycol (Merck, Darmstad, Germany). The samples were neutralized (pH 6.5-7.0) before acquisition.
Magnetic resonance spectra of the neocortex samples were acquired on a Bruker DRX 500-MHz instrument, those of hippocampal formation on a Bruker DRX 600-MHz instrument, and those of entorhinal cortex on a Bruker 600-MHz instrument with a Bruker BioSpin CryoProbe (Bruker Analytik GmbH, Rheinstetten, Germany). Protondecoupled 13 C MR spectra were acquired with a 301 pulse angle, 1.3 second acquisition time, and 0.5 second relaxation delay. The number of scans was typically 20,000 (neocortex), 40,000 (hippocampal formation), and 50,000 (entorhinal cortex). Correction factors for nuclear Overhauser and relaxation effects were applied to the integrals of the individual peaks. The 1 H MR spectra were obtained with a 901 pulse angle, 1.36 second acquisition time, and 10-hour relaxation delay; a total of 512 scans were accumulated for each sample. Water suppression was achieved by applying a low-power presaturation pulse at the water frequency.
Data Analysis and Interpretation
The amount of 13 C in different metabolites is quantified from integrals of relevant peaks in the spectra using ethylene glycol as an internal standard with known amount of 13 C. The interpretation of the MRS data is further based on knowledge of the metabolic fate of [1-13 C]glucose and [1,2-13 C]acetate in neurons and astrocytes. Glucose is taken up into both neurons and astrocytes, but is metabolized to a greater extent in neurons . Acetate is, however, only taken up into astrocytes (Waniewski and Martin, 1998) . Thus, administering both [1-13 C]glucose and [1,2-13 C]acetate to the animal allows for a more detailed metabolic analysis of the different cellular compartments.
As shown in Figure 1 , [1-13 C]glucose is converted through glycolysis into one molecule of [3-13 C]pyruvate as well as one molecule of unlabeled pyruvate (not shown). The [3-13 C]pyruvate is then converted to either [3-13 C]lactate or [3-13 C]alanine in the cytosol, or to [2-13 C]acetyl CoA by pyruvate dehydrogenase in neuronal and astrocytic mitochondria. Further, [2-13 C]acetyl CoA can condense with oxaloacetate and enter the tricarboxylic acid cycle (TCA) cycle. The 13 C label is then incorporated into the TCA cycle intermediates, and can exit the cycle, for example, at the [4-13 C]a-ketoglutarate step to form [4-13 C]glutamate. In GABAergic neurons, [4-13 C]glutamate is transformed into [2-13 C] g-aminobutyric acid (GABA) by glutamate decarboxylase (GAD). On release into the synaptic cleft, [4-13 C]glutamate is taken up into the astrocytes at which it can be converted to [4-13 C]glutamine directly by the enzyme GS. However, if the carbon skeleton of glutamate enters the TCA cycle in astrocytes before conversion, [3 or 2-13 C]glutamine will eventually be formed. Glutamine is transported to the neurons where it is converted back to glutamate by phosphate-activated glutaminase to maintain the transmitter pool. However, if the 13 C-labeled carbons from [1-13 C]glucose remain in the neuronal or astrocytic TCA cycle for a second turn, equal amounts of 13 C will be incorporated into the second ([2-13 C]) and third ([3-13 C]) carbon position of glutamate and glutamine, and into the third ([3-13 C]) and fourth ([4-13 C]) position of GABA. The amount of the metabolite derived from the second TCA turn relative to the first turn, that is, the TCA cycling ratios, can be calculated as follows: 2 Â [3-13 C]/[4-13 C] for glutamate and glutamine, and 2 Â [3-13 C]/[2-13 C] for GABA. The reason for using 2 Â [3-13 C] is that labeling in [2-13 C]glutamate, [2-13 C]glutamine, and [4-13 C]GABA can also be derived from pyruvate carboxylation in astrocytes, a reaction whereby the TCA cycle can be refilled with intermediates via the astrocytic enzyme pyruvate carboxylase, thus enabling de novo synthesis of glutamate (Shank et al, 1985) . The ratio between the pyruvate carboxylase pathway and the pyruvate dehydrogenase pathway can be expressed as ([2-13 C]À[3-13 C])/[4-13 C] for glutamate and glutamine, and ([4-13 C]À[3-13 C])/[2-13 C] for GABA. The 1.1% natural abundant 13 C is subtracted from the amount of 13 C measured.
After uptake into astrocytes, the metabolism of acetate starts at the acetyl-CoA level. As shown in Figure 1 , [1,2-13 C]acetate is converted to [1,2-13 C]acetyl CoA, which can enter the TCA cycle. Transamination of a-ketoglutarate results in formation of [4,5-13 C]glutamate that is rapidly converted to [4,5-13 C]glutamine by the astrocytic GS. Glutamine can then be transported to neurons and regenerate [4,5-13 C]glutamate via phosphate-activated glutaminase, and subsequently give rise to [1,2-13 C]GABA via GAD in GABAergic neurons.
The amount of 13 C (corrected for natural abundance) incorporated into metabolites can be expressed as percentage of total metabolite content (which includes both labeled and unlabeled metabolite), termed percentage 13 C enrichment. Ratios for glial-neuronal interactions were calculated from percentage 13 C enrichment (abbreviated %) of different isotopomers, as explained in the following and illustrated in Figure 1 . As an indicator of glutamateglutamine cycling, the ratio for direct conversion of glutamate to glutamine ([glu-gln] direct in Figure 1 ) was calculated as follows: %[4-13 C]glutamine/%[4-13 C]glutamate. The ratio for direct conversion of acetate-derived glutamine to glutamate ([gln-glu] direct in Figure 1 ) is expressed as follows: %[4,5-13 C]glutamate/%[4,5-13 C] glutamine. The ratio for indirect conversion of [1-13 C]glucosederived glutamate to glutamine ([glu-gln] indirect in Figure 1 ) is expressed as follows: TCA cycling ratio for glutamine/ TCA cycling ratio for glutamate (cycling ratio, see above). This ratio indicates the proportion of glutamate carbon skeleton that is channeled through the astrocytic TCA cycle before conversion to glutamine. The transfer of 13 C label from astrocytes to GABAergic neurons was assessed by calculating a ratio for the conversion of astrocytic acetate-derived glutamine to GABA (through glutamate) in neurons: %[1,2-13 C]GABA/%[4,5-13 C]glutamine ([gln-GABA] direct in Figure 1 ). Table 1 shows the tissue concentration of N-acetyl aspartate (NAA) as measured by 1 H MRS in different brain regions of control rats and in rats at 14 days after KA injection. N-acetyl aspartate was significantly decreased in hippocampal formation and entorhinal cortex of KA-treated animals, whereas it was unchanged in the neocortex. As seen in Table 2, alanine content was increased in the neocortex of KA-treated rats compared with controls. Lactate concentrations were at control levels in all three brain regions. Table 3 shows concentrations of BCAAs in all three brain regions. In the hippocampal Figure 1 Diagram of glial-neuronal metabolism of [1-13 C]glucose and [1,2-13 C]acetate. The [1-13 C]glucose is converted through glycolysis into one molecule of [3-13 C]pyruvate, as well as one molecule of unlabeled pyruvate (not shown), in astrocytes and neurons. The [3-13 C]pyruvate is then converted to either [3-13 C]lactate in the cytosol, [3-13 C]alanine in cytosol and mitochondria, oxaloacetate by pyruvate carboxylase in astrocyte mitochondria (for simplicity this pathway is not included), or [2-13 C]acetyl CoA in neuronal and astrocytic mitochondria. The [2-13 C]acetyl CoA condenses with oxaloacetate and enters the tricarboxylic acid cycle (TCA) cycle. The 13 C label is then incorporated into TCA cycle intermediates, and can exit the cycle at the [4-13 C]a-ketoglutarate step to form [4-13 C]glutamate. In GABAergic neurons, [4-13 C]glutamate is transformed into [2-13 C]g-aminobutyric acid (GABA) by glutamate decarboxylase (GAD). On release into the synaptic cleft, [4-13 C]glutamate is taken up into astrocytes at which it can be converted to [4-13 C]glutamine directly by the enzyme glutamine synthetase (GS), or enter the TCA cycle before conversion to [3 or 2-13 C]glutamine. Ratios for the direct and indirect conversion can be calculated (see Materials and methods) and is shown in the figure as [glu-gln] direct and [glu-gln] indirect , respectively. Glutamine is transported back to the neurons where it is converted to glutamate by phosphate-activated glutaminase (PAG). The [1,2-13 C]acetate is taken up into astrocytes and converted to [1,2-13 C]acetyl CoA, which can enter the TCA cycle and result in the formation of [4,5-13 C]glutamate that is rapidly converted to [4,5-13 C]glutamine by the astrocytic GS. The ratio calculated for direct conversion of acetate-derived glutamine to glutamate is illustrated by [gln-glu] direct . Glutamine can be transported to neurons and regenerate [4,5-13 C]glutamate via PAG, and subsequently give rise to [1,2-13 C]GABA via GAD in GABAergic neurons. The ratio for this conversion is illustrated by [gln-GABA] direct in the figure. formation of KA-treated animals, the amounts of leucine and isoleucine were significantly increased relative to controls, whereas the amount of valine was at control level. No changes were detected in BCAA concentrations in the entorhinal and piriform cortices and in the neocortex. The tissue concentra-tion of succinate was increased in the hippocampal formation from KA-treated animals (1.43± 0.88 mmol/g) relative to controls (0.47 ± 0.08 mmol/g, P = 0.004), and unchanged in the other regions.
Results
Total Amounts of Metabolites
The bars to the left in each bar diagram in Figure 2 show concentrations of glutamate, glutamine, and GABA in different brain regions. In the hippocampal formation of KA-treated animals, no significant changes were found in the amounts of the amino acids glutamate and glutamine as compared with controls, whereas GABA content was significantly decreased. In entorhinal/piriform cortices of KA-injected animals, glutamate content was significantly reduced to B60% of that found in controls, whereas the amount of glutamine and GABA was unchanged. In the neocortex, the only difference from control was an increased glutamate concentration in KA-injected animals. Concentration of NAA (mmol/g brain tissue) was measured by 1 H MRS in different brain regions of control and KA-treated rats 2 weeks after saline (control) or KA treatment. For controls and KA, respectively, sample sizes were n = 9 and 11 (hippocampal formation), n = 3 and 11 (entorhinal/ piriform cortex), and n = 10 and 6 (neocortex). Data represent means±s.d. P-value using Student's t-test, only given when significantly different from corresponding control group, P < 0.05. *P = 0.001 and **P = 0.0001. KA, kainate; MRS, magnetic resonance spectroscopy. Concentrations (mmol/g brain tissue) and amount of 13 C (nmol/g brain tissue) in glycolysis-related metabolites, as measured by 1 H and 13 C MRS in extracts from different brain regions of rats 2 weeks after KA or saline (control) injections. All animals were injected with [1-13 C]glucose and [1,2-13 C]acetate 15 minutes before decapitation. Sample sizes for 13 C and 1 H MRS, respectively: controls n = 8 and 9, KA n = 9 and 11 (hippocampal formation); controls n = 3, KA n = 8 and 11 (entorhinal/piriform cortex); and controls n = 8 and 10, KA n = 6 (neocortex). Data represent means ± s.d. P-value only given when significantly different from corresponding control group, P < 0.05 using Student's t-test. *P = 0.004; w P = 0.028; z P = 0.0004; y P = 0.044; z P = 0.008; and **P = 0.019. Concentrations of BCAAs (mmol/g brain tissue), as measured by HPLC, in extracts from different brain regions of rats, 2 weeks after KA or saline (control) injections. For controls and KA, respectively, sample sizes were n = 9 and 11 (hippocampal formation), n = 3 and 11 (entorhinal/piriform cortex), and n = 10 and 6 (neocortex). Data represent means ± s.d. P-value only given when significantly different from corresponding control group, P < 0.05 using Student's t-test. *P = 0.03 and **P = 0.02.
Metabolism of [1-13 C]Glucose
(corrected for natural abundance). Compared with controls, KA-injected rats had significantly increased levels of unmetabolized [1-13 C]glucose in mesial temporal lobe structures, indicating decreased glucose metabolism in these regions. Total concentrations and percentage of 13 C enrichment of glutamate, glutamine, and g-aminobutyric acid (GABA), as measured by 1 H and 13 C magnetic resonance spectroscopy (MRS). Total concentrations (mmol/g tissue) of glutamate, glutamine, and GABA, and their percentage of 13 C enrichment, as measured by 1 H and 13 C MRS. The MRS analyses were performed on brain extracts of the hippocampal formation, entorhinal/piriform cortex, and neocortex from animals injected with [1-13 C]glucose and [1,2-13 C]acetate 15 minutes before decapitation. The experimental groups comprised animals injected with either saline (controls; white bars) or kainate (KA; gray bars) 2 weeks earlier. Sample sizes for 13 C and 1 H MRS, respectively: controls n = 8 and 9, KA n = 9 and 11 (hippocampal formation); controls n = 3, KA n = 8 and 11 (entorhinal/piriform cortex); and controls n = 8 and 10, KA n = 6 (neocortex). The labeling in [4-13 C]glutamate, [4-13 C]glutamine, and [2-13 C]GABA mostly derives from neuronal metabolism of [1-13 C]glucose, the labeling in [4,5-13 C]glutamate, [4,5-13 C]glutamine, and [1,2-13 C]GABA exclusively derives from the metabolism of [1,2-13 C]acetate in astrocytes. %, Enrichment is expressed as percentage of 13 C-label measured by 13 C MRS (nmol/g tissue) relative to the total concentration measured by 1 H MRS, signifying turnover of the metabolite. Values are given as mean±standard deviation. *Significantly different from control group using Student's t-test, P < 0.05. diagram in Figure 2 . The incorporation from [1-13 C]glucose into [4-13 C]glutamate and [4-13 C]glutamine was decreased in all three brain regions of KA-treated animals compared with controls. The incorporation into [2-13 C]GABA was reduced in mesial temporal lobe structures, and not in the neocortex. More specifically, in hippocampal formations of KA animals, the percentage 13 C enrichment was roughly halved in [4-13 C]glutamate and [2-13 C]GABA, and reduced by B40% of that in controls in [4-13 C]glutamine.
In the hippocampal formation of KA-treated rats, relatively more of the 13 C label from [1-13 C]glucose found in glutamine was derived from the second turn in the TCA cycle relative to the first turn. This is shown by increased TCA cycling ratio in this metabolite (1.29 ± 0.14 in controls versus 1.65 ± 0.37 in KA-treated rats, P = 0.02; Supplementary Table 1 ). The percentage of 13 C enrichment in succinate was decreased in all three brain regions of KA-treated rats compared with controls (hippocampal formation: 0.76 ± 0.63 versus 2.99 ± 0.67, P = 0.0001; entorhinal/piriform cortex: 0.75 ± 0.86 versus 2.36 ± 1.17, P = 0.04; and neocortex: 2.29±1.72 versus 8.04 ± 3.82, P = 0.0096).
Metabolism of [1,2-13 C]Acetate
The bars to the right of each diagram in Figure 2 depict the percentage of 13 C incorporation from [1,2-13 C]acetate into glutamate, glutamine, and GABA. The percentage of [4,5-13 C]glutamate and [4,5-13 C]glutamine were both significantly decreased to B70% of control levels in hippocampal formation of KA animals, and to 56% of control levels in the neocortex. In the entorhinal/piriform cortex, the percentage of [4,5-13 C]glutamate and [4,5-13 C]glutamine was not significantly altered. The percentage [1,2-13 C]GABA was reduced to 44% of control levels in the neocortex of KA animals and to 21% of control levels in the entorhinal/piriform cortex, whereas it was reduced to 6% of control levels in the hippocampal formation.
Astrocytic versus Neuronal Metabolism
The proportion of 13 C label derived from acetate, relative to that from glucose, was increased in glutamate in the hippocampal formation of KAtreated rats (0.29 ± 0.06 in the control group versus 0.38 ± 0.11 in the KA group, P < 0.05). The acetate/ glucose utilization ratio for glutamine formation was unaltered in all the three brain regions studied (ratios not shown). For GABA, a reduced use of acetate relative to glucose as a precursor was observed in hippocampi of KA-treated rats (0.34±0.17 in the control group versus 0.04 ± 0.11 in the KA group, P < 0.001), whereas this was unaltered in the other brain regions. The contribution of astrocytic de novo synthesis of glutamate, glutamine, and GABA via pyruvate carboxylase relative to metabolism via pyruvate dehydrogenase was unchanged in KA-treated animals (pyruvate carboxylase/pyruvate dehydrogenase ratios not shown). The ratios for direct conversion of glutamate to glutamine ([glu-gln] direct ) were unchanged in all brain areas. The ratio for direct conversion of glutamine to glutamate ([gln-glu] direct ; Figure 1 ) was increased in the entorhinal/piriform cortex (controls 0.20 ± 0.02 and KA 0.28 ± 0.04, P = 0.018). The ratio for indirect conversion of glutamate to glutamine ([glu-gln] indirect ; Figure 1 ) was increased in KA-injected rats compared with controls in the hippocampal formation (3.33±1.22 versus 2.30±0.24, P = 0.03) and the neocortex (4.62±2.70 versus 2.45±0.26, P = 0.04), and remained unchanged in the entorhinal/piriform cortex. The ratio of glutamine-GABA transfer ([gln-GABA] direct ; Figure 1 ) was decreased in hippocampal formation (0.14 ± 0.08 in the control group versus 0.01 ± 0.04 in the KA group, P = 0.001), as well as in the entorhinal cortex (0.13±0.02 versus 0.03±0.05, P = 0.009).
Discussion
The present study shows that energy and neurotransmitter hypometabolism precedes the occurrence of spontaneous seizures in the KA model of TLE. The latent phase was characterized by decreased turnover of glutamate and glutamine in all the brain areas that were studied, whereas decreased GABA turnover was most pronounced in the mesial temporal lobe. The altered metabolic profile in the epileptogenic region can be explained by complex and interconnected processes, such as impaired glycolysis, neuronal cell loss, mitochondrial dysfunction in both neurons and astrocytes, as well as impaired glutamate-glutamine-GABA cycling.
Reduced Glycolysis in Mesial Temporal Lobe
Metabolism of glucose was reduced in the hippocampal formation and entorhinal cortex of KAinjected animals, as evidenced by an accumulation of unmetabolized [1-13 C]glucose in these structures. Previous studies using 14 C-2-deoxyglucose autoradiography have shown an initial increase in glucose utilization in limbic structures hours after systemic KA injections, followed by a decrease in glucose utilization 1 to 4 days later, with the exception of the amygdala (Ben-Ari et al, 1981; Lothman and Collins, 1981) . The 13 C MRS enables a complete analysis of glucose metabolism in the cytosol and the TCA cycle, and not only glucose uptake and phosphorylation as obtained with 2-deoxyglucose autoradiography and [ 18 F]fluorodeoxyglucose positron emission tomography. The present study shows that both cytosolic and mitochondrial glucose metabolism is specifically impaired in the hippocampal formation in the latent phase. The amounts of [3-13 C]lactate and [3-13 C]alanine were decreased in the hippocampal formation of KA-treated animals, indicating decreased production of their precursor pyruvate. Accordingly, the reduced glucose consumption in hippocampal formation in the latent phase reflects, at least in part, reduced glycolysis. A similar impairment of glucose metabolism is not seen in the neocortex, and is thus specific for the mesial temporal lobe. In the normal brain, glycolysis is directly coupled to neural function and glutamatergic neurotransmission (Sibson et al, 1998) . It is not clear whether the decrease in glycolysis during the latent phase represents a detrimental or a protective process in response to KA injection. However, recent studies may support the latter, as they have shown an anticonvulsant, and to some extent antiepileptogenic, effect of decreasing glycolysis by means of treatment with fructose-1,6-bisphosphate or 2-deoxyglucose in animal models of epilepsy (Garriga-Canut et al, 2006; Lian et al, 2007) . Interestingly, glycolytic metabolism appears normal in the chronic phase, as no significant changes were seen in [1-13 C]glucose, [3-13 C]lactate, or [3-13 C]alanine in the epileptogenic mesial temporal lobe 3 months after KA treatment . This might imply a failure of the potential protective glycolytic decrease when moving from latent to chronic phase. In chronic epilepsy in humans, glucose utilization is decreased in epileptogenic zones interictally and increased ictally, as detected by fluorodeoxyglucose positron emission tomography (Semah et al, 1995; Meltzer et al, 2000) . Interictal glucose hypometabolism seems to become more pronounced with increasing duration of epilepsy (Akman et al, 2010) , and one cannot exclude the possibility that this also could be the case for KA-treated rats with longer epilepsy duration than in our previous study .
Decreased Neuronal Mitochondrial Metabolism
In a parallel set of animals studied in the same laboratory, neuronal loss was apparent in mesial temporal lobe structures, especially in hippocampal formation, 2 weeks after KA injection . Loss of glutamatergic neurons is most prominent, as seen by extensive loss of CA1 and CA3 pyramidal cells in the hippocampal formation and loss of layer III neurons in the entorhinal cortex . N-acetyl aspartate, an amino acid primarily synthesized in neurons (Baslow, 2003) , is used as a marker of cell loss and/ or mitochondrial viability. A B30% decrease in NAA was found in mesial temporal lobe structures of KA-injected animals.
There were pronounced changes in glutamate metabolism of KA-injected animals. Glutamate levels were not directly related to extent of neuronal cell death, because total glutamate content was unchanged in the damaged hippocampal formation and increased in the neocortex. The percentage enrichment with [4-13 C]glutamate was decreased by B50% in the hippocampal formation and neocortex, and by B40% in the entorhinal/piriform cortex. The enrichment of glutamate with [4-13 C]glutamate primarily reflects glutamate turnover in neurons, because glutamatergic neurons contain the major pool of glutamate in the brain (Storm-Mathisen et al, 1983; Ottersen and Storm-Mathisen, 1985) , and B70% of acetyl CoA derived from [1-13 C]glucose is metabolized in neuronal mitochondria . When moving from the latent to the chronic phase of KA-induced epilepsy, turnover of glutamate was still decreased in the hippocampal formation, and at control levels in the entorhinal/piriform cortex and neocortex (Figure 3 and Alvestad et al, 2008) . The decrease in glutamate turnover is, thus, transient in Figure 3 Glutamate, glutamine, and g-aminobutyric acid (GABA) in the hippocampal formations of animals in the latent and chronic phase of the kainate (KA) model of mesial temporal lobe epilepsy. Total concentrations (mmol/g tissue) of glutamate, glutamine, and GABA, and their percentage 13 C enrichment, as measured in the hippocampal formation by 1 H and 13 C magnetic resonance spectroscopy (MRS). Values are given for KA-treated animals as percentage relative to controls (100%). The experimental groups comprised animals in the latent phase (2 weeks after KA injection) and animals in the chronic phase (13 weeks after KA injection, calculated from Alvestad et al, 2008) , with their respective age-matched saline-treated controls. The [1-13 C]glucose was injected 15 minutes before decapitation. For 1 H MRS: latent controls n = 9, latent KA n = 11, chronic controls n = 6, and chronic KA n = 8. For 13 C MRS: latent controls n = 8, latent KA n = 9, chronic controls n = 6, and chronic KA n = 8. %, Enrichment signifies turnover of the metabolite, and is expressed as percentage of 13 C-label in the fourth position of glutamate and glutamine and in the second position of GABA, as measured by 13 C MRS, relative to the total concentration measured by 1 H MRS. *Significantly different from control group using Student's t-test, P < 0.05. the areas of propagation and the non-epileptogenic tissue, whereas in the epileptogenic hippocampal formation the decrease continues into the chronic phase, potentially contributing to both the development and maintenance of spontaneous seizures.
The turnover of a metabolite, expressed as percent enrichment, represents the net balance of synthesis and degradation. In hippocampal formation, reduced glutamate synthesis could be caused by the decrease in glycolytic activity, resulting in reduced ATP production and decreased precursor input to the TCA cycle. Indeed, it has been shown that glycolytically derived ATP is necessary for glutamatergic neurotransmission, independent of global cellular ATP levels (Ikemoto et al, 2003) .However, reduced glutamate synthesis could also be a consequence of mitochondrial malfunction, as indicated by the reduced NAA, as well as the increased content of 13 C and decreased 13 C incorporation into succinate. The TCA cycle intermediate succinate is converted to fumarate by the enzyme succinate dehydrogenase, which constitutes complex II of the mitochondrial electron transport chain. An accumulation of succinate might, thus, indicate that downstream oxidative phosphorylation is impaired.
The reduced turnover of glutamate in the hippocampal formation and neocortex can be explained not only by reduced synthesis but also by reduced degradation of glutamate. A decreased percentage of 13 C label in glutamate indicates reduced synthesis but the total amount of glutamate is in fact unchanged in the hippocampal formation, and even increased in the neocortex. The total amount of glutamate comprises both labeled and unlabeled glutamate, and thus, less unlabeled glutamate must have been degraded to maintain glutamate amount at control levels. In line with this, both neuronal turnover (percent 13 C enrichment) and total concentration of GABA were decreased in mesial temporal lobe structures of KA animals, reflecting reduced GAD-mediated GABA synthesis from glutamate. Other groups have reported that following KA injection, there is a marked loss of GABAergic interneurons in the hippocampus, and the cells that are most vulnerable for cell death are those normally exerting inhibition onto the dendritic region of glutamatergic cells (Buckmaster and Jongen-Relo, 1999; Magloczky and Freund, 2005) . In our study, we cannot distinguish between the contributions of interneuron death and/or decreased GAD activity to the observed decrease in GABA synthesis. Nevertheless, loss of GABAergic activity may have a role in epileptogenesis by decreased control of excitatory input. In the chronic phase of KA-induced epilepsy, both GABA content and turnover were at control levels in the hippocampal formation (Figure 3 and Alvestad et al, 2008) . This 'normalization' of GABA function agrees with findings of normal GAD activity in hippocampi from the chronic phase of KA-induced epilepsy (Baran et al, 2004) , and also coincides with increasing levels of GAD mRNA in remaining GABAergic neurons in the chronic phase of pilocarpine-induced epilepsy (Esclapez and Houser, 1999) . Other groups have reported that the remaining GABAergic neurons are mostly basket cells, normally exerting inhibition onto the perisomatic region of the pyramidal cells, and considered responsible for synchronized activity within large cell populations (Magloczky and Freund, 2005) . Hence, the observed 'recovery' of GABAergic function in the chronic phase does not necessarily balance the increased excitation during seizures, but could be responsible for synchronization of seizure activity.
Decreased Astrocytic Mitochondrial Metabolism and Perturbed Interaction with Neurons
Astrocytic mitochondrial metabolism was assessed by the use of [1,2-13 C]acetate and considerable alterations were observed in KA-injected rats. Enrichment with [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamate, [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamine, and [1,2-13 C]GABA was decreased in the hippocampal formation and neocortex. In all brain regions, there was also a decrease in [4-13 C]glutamine enrichment, 60% of which is derived from astrocytic metabolism (Hassel et al, 1997) . The slow turnover of metabolites in astrocytes was seen in spite of the massive gliosis occurring in the hippocampal formation after KA injection , suggesting that reactive astrocytes have severely altered metabolism compared with normal astrocytes. Several of the metabolic alterations observed could be consequences of decreased activity of branched-chain aminotransferase (BCAT). According to the proposed BCAT nitrogen shuttle, the mitochondrial BCAT in astrocytes catalyzes the reversible transamination of BCAAs (leucine and isoleucine) with a-ketoglutarate to form a-ketoisocaproate and glutamate (Yudkoff et al, 1996; Hutson et al, 1998) . Decreased transamination via BCAT in astrocytes could, thus, explain the accumulation of leucine and isoleucine together with decreased 13 C enrichment of glutamate in hippocampal formation in the present study. Furthermore, relatively more of the 13 C label from [1-13 C]glucose found in glutamine was derived from a second turn of the TCA cycle, consistent with less a-ketoglutarate leaving the astrocytic TCA cycle for transamination with BCAAs. According to the proposed BCAT nitrogen shuttle hypothesis, following transamination, glutamate is aminated to glutamine and transported to neurons together with a-ketoisocaproate, where the reversed transamination reaction occurs. Neurons depend on glutamine supply from astrocytes for replenishing the neurotransmitter pool of glutamate and GABA, because they are not capable of de novo synthesis (Patel et al, 2001; Rae et al, 2003) . Yudkoff et al (2003) have previously demonstrated that transamination of leucine was diminished in the pentylenetetrazole seizure model, and proposed that pentylenetetrazole treatment may favor the reverse reaction, consuming glutamate. There is no sign of this potentially protective effect in animals after spontaneous seizures have occurred, because there was no change in BCAAs in the chronic phase of KA-induced epilepsy (unpublished data from Alvestad et al, 2008) . The potential antiepilept(ogen)ic effect of inhibiting BCAA transamination warrants further research. In fact, inhibition of BCAT and stimulation of glutamine transport is one of the proposed mechanisms of action of the antiepileptic drug and leucine analog, gabapentin (Hutson et al, 1998) . However, gabapentin seems to inhibit the cytosolic, and predominantly neuronal, isoform of the enzyme to a larger extent than the mitochondrial isoform that is localized in astrocytes, and the functional relevance of this mechanism to the antiepileptic effect of the drug is unclear.
Most of the glutamate released from neurons is taken up by astrocytes and converted to glutamine directly, or metabolized through the astrocytic TCA cycle as oxidative fuel (Hassel et al, 1995) , as illustrated in Figure 1 . Ratios calculated from 13 C MRS data make it possible to distinguish between these two possibilities (see Materials and Methods). In the entorhinal/piriform cortex of rats 14 days after KA injection, the ratio for direct conversion of glutamine to glutamate was increased. The ratio of indirect conversion of glutamate to glutamine was increased in the hippocampal formation and neocortex, suggesting that relatively more of the glutamate from neurons is channeled through the astrocytic TCA cycle before glutamine synthesis rather than converted directly to glutamine. In the hippocampal formation, this is consistent with the increased level of GS reported in a previous study of the latent phase in the same animal model , and could possibly be because of a need for alternative energy fuel in astrocytes in light of impaired mitochondrial metabolism of other TCA substrates, as seen in the decreased labeling from [1,2-13 C]acetate. This could also serve as a buffering system for any excess glutamate that may develop. In the neocortex, the total glutamate concentration was increased in this study, and although the overall glutamate level in hippocampal formation was unchanged, extracellular glutamate concentration around synapses could still be increased locally during the development of hyperexcitable tissue. Indeed, it has been shown that with increasing extracellular glutamate concentration, more glutamate goes through the astrocytic TCA cycle before glutamine formation (McKenna et al, 1996) . In contrast to findings in the latent phase, both direct and indirect conversions of glutamate to glutamine were unchanged in the chronic phase, as well as the percentage enrichment with [4-13 C]glutamine (calculated from Alvestad et al, 2008) . This parallels the decline in GS in the hippocampal formation observed when moving from the latent to the chronic phase in the same model , and might reflect a reduced capacity to handle sudden increases in extracellular glutamate concentrations as epilepsy develops. Interestingly, GS levels are significantly reduced compared with controls in humans with long-standing epilepsy, as previously mentioned (Eid et al, 2004) .
The metabolic interaction between astrocytes and GABAergic neurons was compromised in the mesial temporal lobe structures in the latent phase, as shown by a decreased glutamine to GABA transfer ratio in KA-injected animals compared with controls. In the hippocampal formation, this is corroborated by the finding of decreased [1,2-13 C]GABA and a reduced use of acetate, which is metabolized by astrocytes, relative to the use of glucose as a substrate for GABA synthesis. The underlying mechanisms are not evident, but decreased transamination through BCAT, as proposed above, could contribute by impairing the BCAT nitrogen shuttle and glutamine release from astrocytes. Reduced utilization of astrocytic glutamine for GABA synthesis could affect the overall level of inhibition, as it has been demonstrated that GABAergic neurotransmission is dependent on adequate glutamine transport (Liang et al, 2006) . It is not known whether the compromised astrocyte-neuron interaction continues after spontaneous seizures occur, because transfer ratios of astrocytic glutamine to GABA cannot be calculated from data from the chronic phase. Although the importance for epileptogenesis is difficult to assess, the finding adds to the lines of evidence in this study, indicating that astrocytes are, at least partly, responsible for changes in both glutamate and GABA metabolism during epileptogenesis.
Conclusions
The complex and interconnected changes in energy and neurotransmitter metabolism found in this study may be characteristic of the epileptogenic process in response to the initial KA insult. Glutamate turnover is decreased both before and after spontaneous seizures occur, potentially contributing to both the development and maintenance of epileptic seizures. Several transient metabolic changes, observed in latent and not in chronic phase, were identified in mesial temporal lobe structures, such as reduced glycolysis in parallel with decreased neural activity and decreased GABA content and turnover, as well as decreased transamination of BCAAs through BCAT. A failure of these mechanisms might be involved in the shift from latent to chronic phase. Astrocytes were found to be partly responsible for changes in both glutamate and GABA metabolism, possibly because of a compromised BCAT nitrogen shuttle and glutamine supply. Further investigation is needed to explore the potential antiepilept(ogen)ic effect of inhibiting astrocytic BCAT. Decreased turnover of GABA and glutamate, demonstrated by 1 H and 13 C MRS, may hold potential as clinically useful biomarkers.
